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ARTICLE INFO ABSTRACT

Keywords: A novel hollow core Bragg fiber waveguides having a defect layer are proposed and analyzed
Bragg fiber waveguide theoretically for sensing application. Matching the electric and magnetic fields at various in-
Transfer matrix method terfaces, a relation between fields of first layer with final layer has been stabilized; hence, the
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Sensitivity

equations for reflectance and transmittance of proposed structure are derived. Due to periodicity
of concentric cylindrical structure, a perfect photonic band gap is observed in considered wa-
velength range. The presence of defect layer in cylindrical periodic structure shows a peak
corresponding to defect mode in perfect photonic band gap region. The full width at half maxima
of this peak depends on the periodicity of the cladding layers. Also, the spectral position and shift
of peak of defect mode depend on the angle of incidence of light, refractive index of core material
and design wavelength of structure. Therefore, it is more appropriate to consider this peak of
defect mode as sensing signal instead of considering whole photonic band gap as sensing signal.

1. Introduction

In conventional optical fiber waveguides, the propagation of the electromagnetic (EM) wave is taken place by the mechanism of
total internal reflection (TIR). TIR in optical fiber waveguide is possible only when the refractive index (RI) of core is greater than the
cladding RI. The high RI of core material causes various unwanted phenomena like dispersion, optical losses, non-linear effects,
birefringence etc. These phenomena are minimized or removed by guiding the light in a hollow core waveguide. The hollow core
waveguide can design by using multilayer concentric cylindrical fiber, where EM wave is guided by the Bragg reflections mechanism.
In such type of fibers, the claddings are made by cylindrical shaped photonic crystals (dielectric mirrors). Fresnel’s reflection through
these alternating dielectric mirror causes constructive interference of the reflected wave and thus reflectance through such multilayer
structure can be computed. Such multilayer reflections are analog to X ray scatterings in crystal structure and satisfied by the Bragg’s
law. Therefore such fibers with alternating permittivity of periodic multilayer claddings over a hollow or low refractive index core
material are called Bragg fiber waveguide. The beginning of study about Bragg fiber waveguide structure was started in 1970’s and
further the concept of Bragg fiber waveguide was proposed in 1976 [1]. It was found that the Bragg fiber waveguide is allow only
certain group of wavelengths to propagate in the core. Due to this specific property and being hallow core, such fiber waveguides are
potentially useful in high power laser transmission where the nonlinear effects are mostly suppressed [2], bio and chemical sensing
[3,4], telecommunication system [5], strain sensor [6], glucose sensor [7], optical de-multiplexers [8], omni reflector [9,10] etc.
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Nowadays researchers have taken keen interest to fabricate, explore and optimize the optical properties of planer photonic crystal
which is also a periodic arrangement of high and low refractive index materials [11-13]. Further, to enhance the performance of
these photonic crystals, they introduced a defect cavity in the structure [12] by breaking the symmetry of alternate multilayers. This
introduced cavity in the multilayer planar structure behaves as Febry-Perot resonator cavity and a pass band (defect mode) is
observed in existing photonic band gap (PBG) region. The basic difficulty of these planar photonic crystals are that they cannot be
used as inline optical applications like high power laser systems, narrowband transmission filters etc. Keeping these things in mind,
the above study is explored for periodic concentric cylindrical system having low refractive index core [14]. In this connection, to
enhance the performance of these periodic multilayer cylindrical system, a hollow core Bragg fiber waveguide structure with a defect
cavity has been introduced by the present investigators. Here the basic interest is to design and study theoretically a fiber waveguide
to obtain 100% transmission window in PBG region.

Recently the researchers are involved to fabricate such periodic multilayer cylindrical structure by using drawing and rolling
techniques [15,16]. In this technique, they first made preform of bilayers and then they draw into length using fiber drawing towers.
This method can be used to make high contrast Bragg fibers where the low index layer is of polymer material and high index layer is
of chalcogenide or perovskite material [3]. However, the rolling technique can be used to fabricate low contrast Bragg fiber wa-
veguide i.e. both high and low index materials are of polymer film e.g. Polystyrene (PS) and Poly methyl methacrylate (PMMA) [4].
Both types of fiber waveguides can be used in sensing, telecommunication, or other optoelectronic applications. Due to their recent
popularity, the present investigators are interested to explore the optical properties of both; high and low contrast Bragg fiber
waveguides in presence of a defect layer. Since, in these waveguides the EM wave guidance occur through Bragg reflection me-
chanism and the defect peak appear due to the presence of defect cavity so it is logical to study the behavior of peak of defect mode in
both high and low contrasts Bragg waveguides. Hence, in present paper hollow core Bragg fiber waveguides with defect cavity
structure having high refractive index contrast of cladding layers (HRICCBF) and low refractive index contrast of cladding layers
(LRICCBF) has been considered. The transfer matrix method is employed to study the propagation characteristic of proposed fiber
waveguides. The paper is organized of as follows. In Section 2, basic equations and theoretical formulation of proposed cylindrical
multilayer structures are given. The obtained results are discussed and illustrated in Section 3. A conclusion is drawn in Section 4.

2. Theoretical model and methods

The cross sectional view along the length of Bragg fiber waveguide with a defect layer is depicted in Fig. 1. In this figure, n, r.
shows the refractive index and radius of core while ny, n;, and dy, d;, shows the refractive indices and the respective thicknesses of
high and low index layers, which form bilayer structure. Repeating these bilayers, multilayer Bragg fiber waveguide can be formed. In
addition to this, a defect cavity having refractive index np and thickness dp is introduced in the mid of the multilayer Bragg fiber
waveguide which would act as Febry-Perot resonant cavity. In Bragg fiber waveguide the EM wave is supposed to be cylindrical due
to the cylindrical symmetry of the proposed structure. The cylindrical wave is assumed to be diverging from the axis of symmetry
r =0, and then it strikes on the first cylindrical interface r = r,. Now, applying transfer matrix method for the cylindrical waves
[14,17] to calculate the reflectance of whole structure.

It is assumed that the temporal part of all the fields is exp(jwt). Hence the source free Maxwell’s equations [18] are written as,

V X E = —jwH, @
V X H = jwE. 2

For TE mode or H polarization in cylindrical coordinates (r,0,z) [18], the non-zero fields E,, Hy, H; satisfy the fallowing three
equations in each layer,

10E,

= —jwuH,
rae - (Ga)
0B, .
= joouHs,

- = Jouts (3b)
a(rHe) 6Hr .
G %~ jwerE,.

ar e | 30)

The governing differential equation for the tangential component of the electric field E, can be written by using Eq. (3) as,

3 (0E,\ ,10udE, 4 (3E,
ra—r r —r'———+

) + w’eur’E, = 0.

or uor or 90\ 86 “4)
Now, let us assume the field component E, = U (r)©(8) = U (r)ei™®, and the solution U is given as,
U(r) = Cin(kr) + Co Y (kr), 5

where C, and C, are constants, J,, is a Bessel function, Y;, is the Neumann function and k is the wave number in the material medium.
The subscript m is the azimuthal mode number, which has been taken zero in this study. In the same manner, the tangential
component of the magnetic field can be expressed as, Hy = V (r)e™, where V (r) is given by,

V(r) = =jp(Coly (kr) + Cy Y (kr)), Q)
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Fig. 1. Cross sectional view along the length of the hollow core Bragg fiber waveguide with a defect cavity.

where p = ,/e/u is the intrinsic admittance of the material medium.
A single layer matrix that relates the existing electric and magnetic fields at its two interfaces is constructed by using Egs. (5) and
(6) simultaneously. For instance, the matrix T; for the first layer at interface (r = 1, and ) is written as [17,19]

[U(rl)] _ 7 [U(Vo)]
v |~ v ]| )
b1 hy

b1 In
T . .
h = Eklro [Yin (e 10)Jin (ki 1y) — T (ki 1) Yo (ka1 ], (8)

The component of the single layer matrix 7, = [ ] can be written as

7Tk
» =;§p—‘ro [V (ki 70) Yoo (ki 1) — Yi (ke 70) s (1),
1

(8b)
b1 = —jgkﬂ’opl [Y;n(klro)Jx;l(klrl) - Jr‘n(kIrO)len(klrl)]s (80)
22 = o U (i) Y (ka1) = Yoo (i) (i), &)

where p, = \/a/y, . Eq. (8) shows that the matrix elements are strictly dependent on the radii of the two interfaces. Since, there is an
additional defect layer which is introduced in the Bragg fiber waveguide, hence using Eq. (8) the transfer matrix for the defect layer
will be constructed by replacing 1, = o1, i = ¥, ki = kp and p; — pp = \/ep/up, . Here rpyy and rpy, are the position interfaces of the
defect layer, and k4 and p; are wave vector associated with the defect layer and characteristic impedance of the defect layer,
Ip11 tD12:|

respectively. The component of the defect layer matrix can be written as Tp = [ P
D21 D22

T . .
b1 = EkDrDl [Yin (kp1p1)Jim (kp12) — T (kp 1) Yo (kp 102) 1, (9a)
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Fig. 2. Effect of number of cladding layers on FWHM of the defect peaks and photonic band gap at design wavelength 1550 nm for hollow core (a)
HRICCBF (b) LRICCBF, and the design wavelength 632.8 nm for hollow core (c) HRICCBF (d) LRICCBF.

.7 ki
b1z =15p—DrD1 [Jm (kpp1) Y (kp 7p2) — Yo (kp1D1)Jm (kD 1D2) ],
D

tpo1 = —jngVmPD (¥ G 7o) Gk Tz) — T (knTo1) Yo (kpT2) ],

P2 = %kDrDl [ (ko701 Yo (K T12) — Yan (ki 1) (K 7).

(9b)

(90)

(9d)

Thus, one can simply construct the matrix for all existing layers of multilayered Bragg fiber waveguide. The Bragg fiber wave-
guide structure total 2 N numbers of matrices plus defect layer matrix are required to construct the total Transfer Matrix T that relates
the first and final interfaces as

LGN
v (re)
where
- T T
T =
[Tn T

U (n)
T [wro)]’

]:@N@N_l ..... B T T

1o

With this calculated transfer matrix, the reflection and transmission coefficients can be determined through the fallowing re-

lationships [17],

(T + Jpo CRT) — Jps CR (T3 + jp, CRT)

fa = . ’ ’ . . ’ 7y’
(=Jpy CI(IBTII = T31) — Jps Ct(nzf) (=ipo Cx(nlngz - Ty)

an
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Fig. 2. (continued)

Table 1
Variation in FWHM and perfect photonic band gap (PPBG) with number of unit cell (N) in hollow core HRICCBF and LRICCBF with defect layer.
S. No. HRICCBF with defect LRICCBF with defect
At 1550 nm At 632.8 nm At 1550 nm At 632.8 nm
N FWHM(nm) N FWHM(nm) N FWHM(nm) N FWHM(nm)
1. 6 29.7 6 12.2 40 11.2 40 4.6
2. 8 9.8 8 3.9 50 5.6 50 2.3
3. 10 3.3 10 1.4 60 2.9 60 1.2
4. 12 1.0 12 0.5 70 1.6 70 0.6
5. 14 0.4 14 0.2 80 0.8 80 0.4

4. Jeo/uy

ta = - " - - , PR
7K HY (koro) HY (koro)[(—JPoC[(nlng = T3) — jpe CQ (=jpo CHOTH> — T3] (12)

where p, = /eo/t, and p; = \/e¢/y; are the admittance of core and final media, Ty}, T7,, T5, and T;, are the matrix element of the

. .2y
: . _ : - 1,2) _ Hw” (kir) 5 _
inverse matrix of T, K = w /gy, is the free-space wave number and C;~ = 0D I=o,f.

where H" and H are the Hankel function of the first and second kind. Using Egs. (11) and (12), the percentage reflectance %R
and Transmittance %T are:

%R = 100 X Iy, %T = 100 x 2t ¢, 2.
ne 13)

where n, and n,,; are the refractive indexes of the core and outer media.
The performance of proposed waveguide structures can be analyzed by using the various sensing parameters in which some



R.K. Chourasia, et al.

Optik - International Journal for Light and Electron Optics 200 (2020) 163400

100 T T T T r T T T
=00, 6=157,
2471550 nm, ,=1550 nm,
50 For HRICCBF 1 For HRICCEF
with defect with defect
= [=
=® =
o A .
0.8 1 1.2 1.4 16 1.8 2 22 1.4 18 18 22
A(m) x10° Afm) x10°
100 100
=307, =457,
,=1550 nm, hy=1550 nm,
50 For HRICCBF 1 50 For HRICCBF 1
with defect with defect
- [
® ®
0 L { : n \
08 1 12 1.4 16 1.8 2 22 08 1 12 1.4 16 18 22
A x10° A (m) P
x10
100 . : : 100 .
e=50°, =757,
#;=1550 nm, y=1550 nm,
50 For HRICCBF 1 50 For HRICCBF 1
with defect with defect
= =
® ®
. . 0 , \
95 1 1.2 1.4 16 1.8 2 22 08 1 12 1.4 1.6 18 22
A (m) x10° A(m) «10°
100 T T T 100 T T T
» 4 2 0
2 6=0", e 6157,
= 2,76328 nm, £ 2476328 nm,
£ &0 For HRICCBF 5 s0 For HRICCBF
5 with defect 8 with defect
= =
= ®
0 . Y 0 L
3 4 5 3 7 3 4 5 3 7
2 (m) A (m)
100 100 - -
e=30°, =457,
,~632.8 nm, #,~632.8 nm,
50 For HRICCBF 50 For HRICCBF
with defect with defect
= =
= ®
0 , \ A 0 i -
3 4 5 6 7 8 9 10 3 4 5 5 7 8 10
2 (m) x107 A (m) 107
100 100 -
0
P 8=75°,
2,=6328 nm, $4=6328 nm,
S0 For HRICCBF 50 For HRICCBF |
with defect with defect
= =
# =
0 , , . 0
3 4 5 5 7 8 9 10 3 4 5 6 10
A ) 107 Am x 107

(b)

Fig. 3. Spectral shift of defect peak and obtained PPBG with angle of incidence in (a) HRICCBF waveguide at design wavelength 1550 nm, (b)
HRICCBF waveguide at design wavelength 632.8 nm, (c¢) LRICCBF waveguide at design wavelength 1550 nm, (d) LRICCBF waveguide at design
wavelength 632.8 nm.

important parameters are the sensitivity, detection accuracy and quality parameter. Sensitivity of sensor is defined by the ratio of the
sensor measured output to the change in physical quantity to be measurend. Mathematically, sensitivity of sensor is defined as the
ratio of spectral shift in resonance wavelength to the small change in aqueous medium or analyte refractive index present in core.

S = Adres/Ane. 14

Detection accuracy describes the true value of the measurend. The detection accuracy of this sensor is the ratio of change in
resonance wavelength with respect to the full width at half maximum (FWHM) of peak of defect mode. Quality parameter shows the
overall performance of the sensor in terms of sensitivity and detection accuracy.

3. Results and discussion

Since, the spectral position of peak of defect mode strictly depend on spectral wavelength in which the operation takes place,
therefore the propagation characteristic of both hollow core waveguides HRICCBF and LRICCBF with defect layer are studied in near
infrared wavelength region having design wavelength 14 = 1550nm and in visible region with design wavelength 14 = 632.8nm. The
fiber core and outer layer has to be taken air i.e. n. = ny, = 1.0 and the core dimension has to be taken small enough
1y = 100(dy + dy) to avoid the losses occur due the presence of higher order modes. The bilayers cladding of hollow core HRICCBF
waveguide is composed of high refractive index chalcogenide material (As,Se;) ny = 2.82 and the low refractive index polymer
material (PEI) n;, = 1.66 with a defect cavity in the mid of multilayer claddings [3,20] having thicknesses dy = 14/4ny, di. = Aq4/4ny,
and dp = 14/4n;, which follow the quarter wave stack condition. Again, the bilayers cladding of hollow core LRICCBF waveguide is
composed of high refractive index polymer material (PS) ny = 1.581 and low refractive index polymer (PMMA) n;, = 1.487 with a
defect cavity in the mid of multilayer claddings [4] having thicknesses which follow the same quarter wave stack condition as given
above.
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Fig. 3. (continued)

Table 2
Variation in the defect peak positions (DPP) and perfect photonic band gap (PPBG) with angle of incidence.
S. No. HRICCBF with defect LRICCBF with defect
At 1550 nm At 632.8 nm At 1550 nm At 632.8 nm
0° DPP PPBG DPP PPBG DPP PPBG DPP PPBG
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
1. 0 1550.0 634.0 632.8 258.6 1550.0 76.0 632.8 31.1
2. 15 1530.0 629.0 624.6 256.6 1527.0 75.0 623.3 30.7
3. 30 1472.0 613.0 600.8 250.2 1461.0 72.0 596.7 29.3
4. 45 1385.0 589.0 565.6 240.5 1367.0 67.0 558.1 27.3
5. 60 1286.0 561.0 525.0 2289 1265.0 61.0 516.3 25.0
6. 75 1195.0 528.0 487.8 215.4 1183.0 60.0 482.7 24.3

Fig. 2 shows the existence of perfect photonic band gap (PPBG) in both considered waveguide structures at both design wave-
lengths. The PPBG is the range of wavelength having 0% transmittance. Fig. 2(a) and (b) show the variation of % transmittance with
the wavelength of incidence light for respective hollow core HRICCBF and LRICCBF with defect cavity at design wavelength 1550 nm.
The obtained PPBG for hollow core HRICCBF is (635 nm) in Fig. 2(a) due to its strong reflectivity in comparison to the hollow core
LRICCBF (76 nm) in Fig. 2(b). Again, Fig. 2(c) and (d) show the transmittance of hollow core HRICCBF and LRICCBF waveguides with
defect cavity at design wavelength 632.8 nm. It is clear that the obtained PPBG for HRICCBF (259 nm) and LRICCBF (31 nm) de-
creases with decrease of design wavelength. The obtained PPBG in HRICCBF waveguide is always larger than the LRICCBF at
considered designed wavelengths. It is also clear from these figures that in hollow core HRICCBF only few numbers of cladding layers
(N = 14) are sufficient to provide the PPBG while in hollow core LRICCBF to obtained PPBG large number of cladding layers
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(N = 80) are required. In addition to this, the presence of defect cavity in such waveguides provides a very sharp pass band in PPBG
region with almost 100% transmittance due to existence of the Febry-Perot resonant condition. The FWHM of this sharp pass band
gradually decreases with increase of cladding period N, which is tabulated in Table 1. The small value of FWHM enhances the sensing
performance of Bragg fiber sensor and also increases the quality parameter of the inline Bragg filter beam. From above discussion, it is
observed that the PPBG of the proposed structure is highly depend on the contrast of refractive indices of used materials and
decreases with decrease of refractive index contrast, also the position and size of band gap does not depend on number of layers but
the FWHM of the peak of defect mode is strictly depend on the number of periodic bilayers.

In order to see the effect of various incidence angle of electromagnetic wave on PPBG, 14 number of unit cells are taken in hollow
core HRICCBF waveguide and 80 number of unit cells are taken in hollow core LRICCBF waveguide. The spectrum of PPBG and shift
in peak of defect at different angle of incidence are shown in Fig. 3. Fig. 3(a), (b) and (c), (d) show the respective position of peak of
defect mode and the PPBG at two considered design wavelengths 1550 nm and 632.8 nm for hollow core HRICCBF and LRICCBF
waveguides. From these figures, positions of peak of defect mode and PPBG are calculated and tabulated in Table 2. It is clear from
Table 2 that the change in angle of incidence from 0° to 75°, able to shift in peak of defect mode 355 nm and PPBG 106 nm for design
wavelength 1550 nm but comparatively provide small shift in peak of defect mode 145 nm and PPBG 43.2 nm for design wavelength
632.8 nm in hollow core HRICCBF waveguide. Similarly, in hollow core LRICCBF waveguide for the same change in angle of in-
cidence able to shift in peak of defect mode position 367.0 nm and 150.1 nm and change in PPBG 16.0 nm and 6.8 nm for respective
design wavelengths 1550 nm and 632.8 nm. Finally, from Table 2 the obtained photonic band gaps for both design wavelengths
decreases with increase the incidence angle of light. These decrease of photonic band gap with incidence angles are observed due to
decrease in geometrical path of light. Also, the peaks of defect mode are blue shifted with decrease of geometrical path of light.

These hollow cores Bragg fiber waveguides structure with defect cavity can be used for chemical and bio-sensing application by
assuming the defect peak present in the PPBG as a sensing signal. In order to estimate the bio-sensing application of these waveguides
the variation in defect peak position with core refractive indices in both HRICCBF and LRICCBF waveguides at both considered design
wavelengths at 6° = 40° are plotted in Fig. 4 and tabulated in Table 3. It is clear from Table 3, that for sensing application one can
monitor spectral shift of peak of defect mode present in the PPBG. The obtained sensitivities by measuring the spectral shift of peak of
defect mode for HRICCBF waveguide are 440.0 nm/RIU and 179.2 nm/RIU at respective design wavelengths 1550 nm and 632.8 nm.
These sensitivities for LRICCBF waveguide are 434.0 nm/RIU and 177.2 nm/RIU at same respective design wavelengths 1550 nm and
632.8 nm. However, the other sensing parameters like detection accuracy, quality parameter highly depend on the FWHM value of
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Fig. 4. (continued)

Table 3
Variation in the defect peak positions (DPP) and perfect photonic band gap (PPBG) with core refractive index.
S. No. HRICCBF with defect LRICCBF with defect
At 1550 nm At 632.8 nm At 1550 nm At 632.8 nm
ng DPP PPBG DPP PPBG DPP PPBG DPP PPBG
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
1. 1.0 1417.0 658.0 578.3 244.1 1401.0 69.0 571.9 28.2
2. 1.1 1385.0 589.0 565.6 240.5 1367.0 67.0 558.1 27.4
3. 1.2 1350.0 578.0 551.0 236.3 1329.0 65.0 542.7 26.6
4. 1.3 1308.0 566.0 534.1 231.3 1287.0 63.0 525.3 25.4
5. 1.4 1259.0 551.0 514.0 225.0 1239.0 61.0 505.6 24.7
6. 1.5 1197.0 526.0 488.7 215.7 1184.0 60.0 483.3 23.6

the sensing signal. It is clear from Fig. 2 that, the FWHM of peak of defect mode is much smaller than the FWHM of the PPBG,
therefore these parameters have large values when one use of peak of defect mode as sensing signal. Hence, it is found that the
monitoring of peak of defect mode instead of monitoring PBG will provide better detection accuracy and quality parameter of the
sensor systems. Also, the FWHM of the peak of defect mode is small in LRICCBF waveguide with the respective FWHM of HRICCBF
waveguide. Therefore, for sensing application LRICCBF waveguide with defect mode is recommended.

4. Conclusions

A high contrast HRICCBF and a low contrast LRICCBF hollow core waveguides having a defect layer are studied and compared at
two designed wavelengths. In comparison to LRICCBF waveguide, lower number of periodicity is required to obtain PPBG in
HRICCBF. The FWHM of defect peak decreases with increase of periodicity of cladding layers in both considered waveguides. The
shift in peak of defect mode positions and perfect photonic band gap with angle of incidence or the variation of core RI, for HRICCBF
is always larger than the LRICCBF at respective deign wavelength. Hence, the obtained sensitivity for HRICCBF is always larger than
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LRICCBF waveguide but the same time the FWHM of defect peak in LRICCBF waveguide at a design wavelength is much smaller than
the respective HRICCBF waveguide therefore the overall quality parameter in LRICCBF is improved considerably.
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